Study Objective: The aim of this study was to investigate endothelial functioning in sleep apnea patients using a novel plethysmographic device that monitors peripheral arterial tone response in the finger to reactive hyperemia induced by forearm ischemia. Participants: Forty-six sleep apnea patients, 74.0% men, mean age 46.8 ± 9.3 years, and 17 control subjects without sleep apnea, 64.7% men, mean age 47.1 ± 6.7 years. Setting: Eight-bed Technion Sleep Medicine Center in Haifa, Israel. Design: Endothelial functioning assessed by the reactive hyperemia peripheral arterial tone index was measured twice, before sleep and after waking from sleep monitored by polysomnography in the laboratory. The reactive hyperemia peripheral arterial tone index was calculated as the average amplitude of the peripheral arterial tone signal after the cuff deflation divided by the average amplitude before the cuff inflation. Results:Morning index of endothelial functioning was significantly lower in patients with moderate to severe sleep apnea (apnea-hypopnea index ≥ 30) than in patients with mild sleep apnea (30 < apnea-hypopnea index ≤10) and in the control group without sleep apnea (apnea-hypopnea index <10). The morning index was significantly inversely correlated with apnea-hypopnea index. Patients with a history of hypertension or cardiovascular disease had significantly lower morning and evening indexes of endothelial functioning than patients without such a history. Multivariate analysis revealed that apnea-hypopnea index and sleep efficiency were significant predictors of the morning index. Conclusion: Measurements of the response of the peripheral arterial tone in the finger to reactive hyperemia can be used as a substitute for the brachial artery ultrasound technique to measure endothelial functioning in patients with sleep apnea. Key Words: Sleep apnea, endothelial dysfunction, peripheral arterial tone, reactive hyperemia Citation: Itzhaki S; Lavie L; Pillar G et al. Endothelial dysfunction in obstructive sleep apnea measured by peripheral arterial tone response in the finger to reactive hyperemia. SLEEP 2005;28(5):594-600.
INTRODUCTION
OBSTRUCTIVE SLEEP APNEA (OSA) IS ASSOCIATED WITH INCREASED CARDIOVASCULAR MORBIDITY AND MORTALITY. [1] [2] [3] [4] [5] REPETITIVE EPISODES OF HYPOXIA-RE-OXYGENATION, HYPERCAPNIA, oxidative stress, sympathetic activation, and swings in intrathoracic pressure have all been implicated in the pathogenesis of cardiovascular morbidity in sleep apnea. [6] [7] [8] Recent studies have shown that OSA patients who are free from any overt cardiovascular disease exhibit endothelial dysfunction, which is well accepted as an early step in the development of cardiovascular morbidity. [9] [10] [11] [12] [13] The severity of endothelial dysfunction has been reported to correlate with the severity of OSA and to be reversible by treatment with nasal continuous positive airway pressure. [10] [11] The brachial artery ultrasound technique, a widely reported noninvasive method to assess endothelial dysfunction, relies on high-resolution ultrasound measurements of flow-mediated dilation of the brachial artery to reactive hyperemia after a short period of forearm ischemia. However, ultrasound-based study of endothelial dysfunction is technically difficult. It is highly dependent on the operator, who must be specially trained, and entails use of a high-resolution ultrasound device that limits its widespread applicability.
14 Recently, changes in the peripheral arterial tone (PAT), detected by a novel plethysmographic device that measures changes in the arterial pulsatile volume of the distal phalanx of a finger in response to reactive hyperemia, have been shown to reliably assess peripheral microvascular endothelial function. The PAT response to reactive hyperemia (RH) has been shown to significantly correlate with the results of the ultrasound monitoring of flow-mediated vasodilation 15 and with the coronary arterial response to acetylcholine infusion. 16 In this study, we utilized the RH-PAT method to investigate endothelial functioning in sleep apnea patients. Since endothelial function has been shown to demonstrate a diurnal variation, [17] [18] [19] [20] [21] we compared evening and morning endothelial function in these patients.
MATERIALS AND METHODS

Study Population
The study group consisted of 46 consecutive sleep apnea patients examined in the Technion Sleep Medicine Center in Haifa, Israel, by a whole-night polysomnographic recording. Patients of both sexes aged 25 to 65 years were enrolled. Patients with obstructive lung disease, a previous history of treatment for OSA, and those using α-receptor antagonist medications were excluded. The control group comprised 17 subjects who were studied by polysomnography and found to have fewer then 10 respiratory events per hour of sleep. Most of them had been referred to the sleep laboratory because of snoring. Assessment of endothelial function was performed twice, before sleep, at approximately 9:00 to 10:00 PM, and immediately after waking up in the morning, at approximately 0:600 or 0:700 AM, before breakfast. Subjects were requested to refrain from smoking, eating, and consuming alcohol and caffeine-containing beverages for at least 3 hours before the evening test. A 30-minute resting period in the sitting position preceded the test before sleep. During an interview conducted by physicians in the sleep medicine center, information was elicited about medical history, medications or vitamins being taken, and lifestyle (physical activity, smoking, alcohol and caffeinated-beverage consumption), and anthropometric measures were obtained. Hypertension was defined as a current use of antihypertensive medications or blood pressure values greater than either 90 mm Hg diastolic or 140 mm Hg systolic. Information on cardiovascular disease was based on patients' reports of myocardial infarction, revascularization, or stroke or a positive finding in catheterization. Height and weight were measured at the sleep laboratory. Two sets of blood pressure measurements, at 10:00 PM and 7:00 AM, were obtained by an automatic sphygmomanometer.
The study protocol was approved by the ethics committee of RAMBAM Medical Center in Haifa, and subjects gave their written informed consent prior to participation.
Polysomnography
Standard in-laboratory overnight polysomnography was performed using a computerized recording system (Embla, Flaga Medical, Reykjavik, Iceland) with the following channels: electroencephalogram, electrooculogram, chin electromyogram, arterial oxygen saturation (finger oximetry), nasal-oral airflow (pressure cannula), electrocardiogram, chest and abdominal wall motion (piezo electrodes), bilateral tibialis electromyogram, and body position. The polysomnography recordings were scored manually for sleep stages 22 and respiratory events (apnea and hypopnea) according to the American Academy of Sleep Medicine criteria, 1999. 23 An apnea or hypopnea event was defined as an airflow amplitude reduction of > 50% from the baseline lasting at least 10 seconds, or a less significant reduction in the airflow amplitude accompanied by the presence of arousal or oxygen desaturation of at least 3%. The apnea-hypopnea index (AHI) was calculated as the number of apnea and hypopnea events per hour of sleep.
The RH-PAT test
The finger plethysmographic methodology used to measure the RH-PAT index has been described in detail previously. 15, 24 Briefly, this device (Itamar Medical Ltd, Caesarea, Israel) is comprised of a pair of finger-mounted probes that measure the finger arterial pulse wave amplitude, which is a direct measure of blood volume change, and a control console. Each probe consists of an internal lining of inflatable latex membranes surrounded by a rigid external case. This allows for the application of a uniform, neardiastolic, pressure field over the entire surface of the distal part of the finger including the fingertip. Probe pressure is generated by a computer-controlled minicompressor housed within the control console, which also contains the necessary pressure transducers, signal filters and amplifiers, data storage, signal-processing means, and a screen to display the signals.
The RH-PAT test was performed following a protocol similar to that described elsewhere. 15, 24 Subjects were tested while seated comfortably at a table with both hands resting on the table. Room temperature was held constant at 21ºC to 24ºC. A blood pressure cuff was placed above the elbow of the right arm for hyperemia testing, while the left arm served as control. PAT finger probes were placed on the index finger of both hands. The RH-PAT test consists of 3 stages: 5 minutes of baseline recording, 5 minutes of brachial artery occlusion induced by inflating the cuff to 50 mm Hg above systolic blood pressure, and 5 minutes of postocclusion recording of the induced RH response. The recording of pulsatile blood volume responses from both hands was maintained during the 3 stages of the test. The RH-PAT index, calculated as the average amplitude of the PAT signal during the 1-minute period beginning 90 seconds after the cuff deflation divided by the average amplitude of the PAT signal during a 210-second period prior to the cuff inflation, was used as a measure of the extent of reactive hyperemia. To eliminate the potential confounding effects of systemic effects of unilateral arm ischemia, this ratio was normalized to the concurrent signal from the nonischemic hand. The resulting value was further corrected for baseline signal amplitude. Analysis was automatically performed using a dedicated algorithm (Itamar Medical Ltd, Caesarea, Israel).
Statistical Analysis
Data are expressed as the mean ± SD. Kruskal-Wallis and χ 2 tests followed by posthoc comparisons were used to compare differences between patients and controls for continuous and categorical variables, respectively. The association between the morning and the evening RH-PAT index and the difference between the morning and the evening RH-PAT index and the sleep apnea and clinical variables were analyzed by Spearman correlations and by forward selection multivariate logistic regression. The eveningmorning difference in the RH-PAT index was calculated in percentage as: ΔPAT% = [(RH-PAT-E) -(RH-PAT-M)]/(RH-PAT-E) x 100, where RH-PAT-E is the RH-PAT index measured in the evening and RH-PAT-M is the index measured in the morning. A P value of < .05 was considered to be statistically significant. A log transformation was used if variables were not normally distributed.
RESULTS
Patient Characteristics
Participants were stratified by AHI into 3 groups: controls (AHI < 10), mild sleep apnea (10 ≤ AHI < 30) and severe sleep apnea (AHI ≥ 30). Table 1 presents the demographic and clinical data of the 3 groups. The groups were not different with respect to sex ratio, age, body mass index, sleep efficiency, comorbidities, smoking, and physical activity. Both the morning RH-PAT index and the difference between morning and evening RH-PAT index were significantly different between the groups. Posthoc comparisons revealed that the AHI ≥ 30 group had significantly lower morning RH-PAT index than the controls (P < .003) and than the group with mild sleep apnea (p < .009). The difference between morning and evening RH-PAT index was greater in the AHI ≥ 30 group than in the 10 ≤ AHI < 30 group ( P < .01) and was nonsignificantly greater then in the control group (P < .22). The log of evening RH-PAT index was not significantly different between groups.
Morning RH-PAT Index
All 63 participants were tested in the morning. Figure 1 depicts PAT recording for 2 patients, 1 with severe sleep apnea (AHI = 38) and the second without sleep apnea (AHI = 8). As can be seen, during the RH period, the sleep apnea patient demonstrated only a small increase in the PAT signal amplitude, resulting in an RH-PAT index of 1.51, whereas the patient without sleep apnea demonstrated a greater increase in the PAT signal amplitude resulting in a RH-PAT index of 1.86. For all participants, the morning RH-PAT index was inversely correlated with AHI (r = -0.42, P < .001) (Figure 2 ). The same relationship was found for patients with a history of hypertension or cardiovascular disease (n = 14, r = -.60, P < .02) and for patients without such a history (n = 49, r = -0.26, P < .06). Patients with a history of hypertension or cardiovascular disease had a significantly lower morning RH-PAT index than did patients without such a history, (1.66 ± 0.4 vs 1.87 ± 0.4, P < .03) (Figure 3 ). Forward selection multivariate logistic regression analysis was applied to the data with the following variables: age, sex (men -0, women -1), body mass index, AHI, minimum oxygen saturation, sleep efficiency, hypertension or cardiovascular disease, history of smoking ("present," "past," "never"), and physical activity ("never" or "always," defined as at least 30 minutes per day 4 times a week, or a total of 2 hours per week). The best model to predict morning RH-PAT index included AHI (P < .002), which explained 15.4% of the total variance, and sleep efficiency (P < .05), which explained 5.5% of the variance. While AHI appears in the model with a negative coefficient, indicating that higher values of AHI were associated with lower values of the RH-PAT index, the reverse was found for sleep efficiency, for which higher values were associated with higher values of the RH-PAT index (Table 2a) .
Evening RH-PAT Index
Thirty-eight of the 63 patients met the pretest inclusion criteria of refraining from eating, smoking, and consuming alcoholic or caffeinated beverages for at least 3 hours before the test. They were similar to the entire group with respect to demographic and clinical data (Table 3) . Their average evening RH-PAT index was significantly higher than the corresponding morning index (2.14 ± 0.60 vs 1.78 ± 0.45, P < .05). Patients with hypertension or cardiovascular disease had lower evening RH-PAT index than did RH-PAT recording of 2 patients during baseline (green), occlusion by suprasystolic cuff inflation (blue) and during reactive hyperemia (red), in the ischemic right (Rt) arm and the contralateral left (Lt) arm used as a control. The RH-PAT index was calculated by dividing the mean PAT signal amplitude in the segment marked in red by the mean amplitude in the segment marked in green. These segments were automatically determined. patients free from cardiovascular disease (1.78 ± 0.45 vs 2.14 ± 0.62, P < .05) (Figure 3 ). There was no correlation between AHI and evening RH-PAT (r = -.02, P = NS) nor between minimum oxygen saturation and RH-PAT index. A forward selection logistic regression analysis revealed that age (P < .06, explaining 7.9% of variance) and sex (P < .01, explaining 16.29% of the variance) significantly predicted the log of the evening RH-PAT index (Table 2b) .While age appeared with a negative coefficient, indicating a lower RH-PAT index with increasing age, sex appeared with a positive coefficient, indicating a higher evening index in women than men.
Difference Between Morning and Evening RH-PAT Index
Data of the 38 participants, tested both during evening and morning, were used to analyze the overnight change in RH-PAT index. The change in the morning relative to the evening index (ΔPAT%) tended to be positively correlated with AHI (r = .28, P < .1) (Figure 4 ). Forward selection logistic regression revealed that AHI (P < .006, explaining 8.0% of the variance), sex (P < .05 explaining 12.8% of variance), and smoking (P < .06, explaining 12.9% of variance) were significant predictors (Table 2c) . AHI and sex appeared in the model with a positive coefficient, indicat- 
Figure 3-Reactive hyperemia peripheral arterial tone (RH-PAT)
indexes in sleep apnea patients with (cvdOSA) and without (OnlyO-SA) hypertension or cardiovascular disease during morning (6:00 to 7:00 AM) and evening (9:00 to 10:00 PM) tests. Differences between cvdOSA and OnlyOSA patients were significant for both morning and evening comparisons with P <.05.
ing an increase in evening to morning difference in the RH-PAT index with increasing AHI, and in women than in men, while a history of smoking decreased the morning to evening difference.
DISCUSSION
The 2 major findings of our study are (1) the morning attenuation and the overnight change in the RH-PAT index, but not the evening index, were correlated with the severity of sleep apnea independently of the existence of cardiovascular morbidity and (2) patients with cardiovascular morbidity demonstrated a significantly lower morning and evening RH-PAT index than patients without such comorbidity. A morning state of attenuated endothelial functioning in sleep apnea, a finding obtained by using a novel device to assess endothelial functioning, agrees with previous reports in the literature. Several studies have demonstrated endothelial dysfunction in sleep apnea patients after waking from sleep using the brachial artery ultrasound scanning technique. 9, 10, 12 The significant negative correlation between the RH-PAT index and AHI is in close agreement with the results of Ip et al, 12 who showed that the attenuation in the endothelium-dependent vasodilation after waking from sleep was negatively correlated with the respiratory disturbance index. The evening RH-PAT index was significantly higher than the morning index and did not correlate with AHI, nor with any other sleep-apnea variable. Logistic regression analysis revealed that only sex and age predicted the evening index.
Several studies have examined the existence of diurnal variations in endothelial functioning in healthy controls and in patients with cardiovascular diseases but not in patients with sleep apnea. Shaw et al 17 reported a diurnal variation in endothelium-dependent brachial vasodilation in healthy subjects, with a greater response at 8:00 AM than at 8:00 PM. No comparable changes were detected in patients with coronary artery disease. Kawano et al 18 demonstrated diurnal variation in the endothelium-dependent vasodilation in the brachial artery in patients with variant angina. Minimum flow-mediated vasodilation occurred in the early morning hours. Early morning was also the time period with the highest number of ischemic episodes. No comparable changes were found in the control group. Elherik et al 19 reported a morning decrease in flow-mediated vasodilation as measured by laser Doppler in the forearm skin. Ringqvist et al 20 demonstrated diurnal variation in both endothelium-dependent and -independent vasodilation of the brachial artery in healthy women, which was higher in the evening than morning. A more recent study that investigated healthy adult men and women who were examined by polysomnography to rule out sleep disorders reported a decrease in endothelial function measured by the brachial artery ultrasound scanning technique in the early morning hours compared to early afternoon and evening. There was no diurnal variation in endothelium-independent vasodilation. 21 Our results demonstrate the existence of diurnal variations in Categorical variables were tested by χ2 tests and continuous data by the Kruskal Wallis test. BMI refers to body mass index; AHI, apnea-hypopnea index; MI, myocardial infarction; RH-PAT, reactive hyperemia peripheral arterial tone; ΔPAT%, percentage of difference between evening and morning RH-PAT. *Physical activity was defined as at least 30 minutes of activity 4 times a week/ or a total of 2 hours a week. endothelial function only in sleep apnea patients. Furthermore, we found that the decrease in endothelial function from evening to morning is not uniform but is related to the severity of sleep apnea and to sleep efficiency. Thus, patients not suffering from sleep apnea who exhibited a relatively good sleep quality showed a minor and nonsignificant difference in endothelial function between morning and evening measurements, a finding that is in agreement with Kawano et al. 18 The greatest attenuation in the RH-PAT index was found in patients with severe sleep apnea who also exhibited the worst quality of sleep. Patients with mild sleep apnea revealed a small and nonsignificant increase in the morning RH-PAT index relative to the evening. This could be due to the fact that women in this subgroup of patients revealed a different pattern of RH-PAT response than did men, as is evident in Figure 4 . Indeed, sex emerged as a significant predictor of both the evening log RH-PAT index and the evening-to-morning difference. While men and women had very similar morning RH-PAT indexes (1.88 ± 0.30 vs 1.80 ± 0.40, NS), women tended to have a higher evening RH-PAT index than men (2.33 ± 0.80 vs 1.88 ± 0.30, P < .06) and, consequently, a higher evening-to-morning difference. Sex-related differences in the association between sleep-disordered breathing and endothelial functioning have been reported in 2 recent studies. Faulx et al 25 investigated the association between sleep-disordered breathing and endothelial functioning in a middle-aged cohort of men and women free from comorbidities who were part of the Cleveland Family Study. They reported that this association was significant in women but not in men. As indicated in an accompanying editorial, 26 the sex-related difference could be explained by a better endothelial functioning in women without sleep-disordered breathing rather than by a greater dysfunction of endothelial functioning in women with sleep apnea. Nieto et al, 11 who investigated endothelial functioning in a subset of elderly people taken from the Cardiovascular Health Study, reported that the baseline diameter of the brachial artery was significantly higher in men, whereas the percentage of flow-mediated dilation was significantly greater in women. Thus, sex-related differences in endothelial functioning in association with sleep apnea should be an interesting subject of research for future studies.
It has been speculated that the early morning state of endothelial dysfunction could play a role in the well-documented increased rate of cardiovascular events during the first hours after waking from sleep. 27 Our present findings point to the possibility that patients with sleep apnea might be at particular risk of suffering cardiovascular events during this time and, that to assess risk, both evening and morning measurements should be taken.
Of note, sleep efficiency, in addition to AHI, was also an independent predictor of morning attenuation in the RH-PAT index. Lower sleep efficiency, indicating more disturbed sleep, was associated with lower RH-PAT index, indicating greater endothelial dysfunction. The fact that AHI and sleep efficiency were identified by multivariate analysis suggests that the inclusion of sleep efficiency in the model cannot be solely attributed to its close association with the severity of sleep apnea. None of the previous studies investigating endothelial dysfunction in sleep apnea have incorporated quality-of-sleep parameters in the analysis. Otto et al, 21 who investigated diurnal variations in endothelial function in healthy subjects after ruling out sleep disorders, did not correlate the endothelial function with sleep efficiency. A recent study has provided some evidence, however, that the amount of nocturnal sleep could be related to a state of endothelial dysfunction in the morning. Using the brachial artery ultrasound scanning technique, Amir et al 28 demonstrated endothelial dysfunction in a group of physicians after working a 24-hour shift. The greatest decrease in flow-mediated dilation was observed in physicians with a higher frequency of working night-shift duty and in those reporting fewer hours of sleep during the shift.
Our study is limited by its cross-sectional nature. We did not follow our patients in order to ascertain the effect of nasal continuous positive airway pressure treatment on morning state of endothelial dysfunction and the overnight change in endothelial function. We also did not investigate the RH-PAT index after administration of nitroglycerin, an endothelium-independent donor of nitric oxide. However, the primary goal of our study was to document endothelial dysfunction in sleep apnea using a novel technique that considerably simplifies the testing procedure, rather than replicating all previous findings on endothelial dysfunction in sleep apnea. The fact that not all of our patients were free from cardiovascular comorbidity is also a limitation to our study. Eleven of the 38 patients who participated in the evening-morning comparison of the RH-PAT index had hypertension or ischemic heart disease. It could be argued that this might influence our results by lowering the RH-PAT indexes. We should mention, however, that correlating AHI with the RH-PAT index for patients with cardiovascular morbidity and for those free from cardiovascular morbidity revealed similar results. Also, our findings of a significantly lower RH-PAT index in patients with a history of cardiovascular disease are in agreement with Kuvin et al, 15 who, using the same RH-PAT technique, also reported that subjects with cardiovascular risk factors and documented coronary artery disease had lower indexes than did subjects in the control group. These limitations are balanced, though, by the strengths of our study. First, patients were recruited to the study after arriving at the sleep laboratory and remained inside the facility until termination of the study at 7:00 AM, after sleep recording and RH-PAT evaluations were completed. Therefore, the effects of external variables on measured parameters were very limited. Second, and more importantly, data were acquired automatically, and analysis of the RH-PAT response was done without human intervention, a substantial advantage over the brachial artery ultrasound scanning technique that is heavily dependent on a human operator.
In conclusion, this study is consistent with previous studies showing blunting of morning endothelial function in patients with OSA. Also in agreement with previous findings, endothelial function was lower in OSA patients with cardiovascular comorbidity relative to OSA patients free from cardiovascular morbidity. As this study also points to the possibility that the morning state of endothelial dysfunction is ameliorated during the day, the findings of our study could have relevance to the diurnal peak in cardiovascular events after waking from sleep. Ease of use of the RH-PAT technique coupled with the automatic analysis of the results makes it a valuable and powerful clinical and research tool to assess endothelial dysfunction in patients with sleep apnea.
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